Introduction
Over the last two decades there has been an increasing demand for renewable energy sources that can replace fossil fuels. Photovoltaic devices are attractive candidates as they directly convert solar energy into electrical energy upon illumination. The currently used photovoltaic (PV) cells, based on single-crystalline silicon, have a rather high efficiency (25 %), [1] but they are expensive due to the material consumption and the high costs of production. As an alternative, the so-called organic photovoltaic (OPV) cells, including dye-sensitized, [2] polymer, [3] and small-molecule cells, [4] are presently under active investigation. Dye-sensitized solar cells (DSCs) fabricated using transparent metal oxide electrodes have received significant attentions owing to their potential for improved lifetime and performance compared to conventionally organic solar cells.
At the heart of a DSC is a mesoscopic wide-band gap oxide film covered by a monolayer of sensitizer or semiconductor quantum dots forming a ''bulk'' junction with a hole conductor or electrolyte that is infiltrated in the porous space. Respectable photon-to-current conversion efficiencies of around 111 3 % are reported for DSC devices. [5] [6] [7] [8] Significant efforts towards efficiency enhancement have been directed at the synthesis of new materials and fundamental studies to understand the nature of charge-carrier generation and loss channels. It is well-known that the interface properties at the heterojunction depend on the nature of the sensitizer and the co-adsorbents. Charge carrier recombination is retarded by the formation of an insulating barrier in the case of dye/co-adsorbent (compared dye alone), thus enhancing electron collection in the nanocrystalline titania film. Meanwhile, surface trap states can be formed during the sensitization process when anchoring groups react onto a metal oxide surface, which augments interfacial charge-carrier recombination. Hence, it is important to investigate the influence of anchoring groups on DSC device performance. Photoelectron spectroscopy (PES) is a technique to gain insight information on the surface binding of sensitizers and electronic structure, [9] and is able to identify all elements present on a surface and their relative quantities with a probe depth in the order of 1 nm. Specifically, PES can give element-specific information that can be used to measure relative surface concentrations in a mixed molecular layer of, for example, dyes and co-adsorbents adsorbed onto a titania surface. It is used here to obtain information on molecular configurations, as will be discussed further below.
The use of mixed self-assembled monolayers, combining hydrophobic co-adsorbents with the sensitizer, has been demonstrated to enhance the efficiency of dye-sensitized solar cells (DSCs). Herein, the influence of the anchoring groups of the co-adsorbents on the performance of the DSCs is carefully examined by selecting two model molecules: neohexyl phosphonic acid (NHOOP) and bis-(3,3-dimethyl-butyl)-phosphinic acid (DINHOP). The effect of these co-adsorbents on the photovoltaic performance (J-V curves, incident photon-to-electron conversion efficiency) is investigated. Photoelectron spectroscopy and electrochemical impedance spectroscopy are performed to assess the spatial configuration of adsorbed dye and co-adsorbent molecules. The photoelectron spectroscopy studies indicate that the ligands of the ruthenium complex, containing thiophene groups, point out away from the surface of TiO 2 in comparison with the NCS group.
Results and Discussion
In the present work, bis-(3,3-dimethyl-butyl)-phosphinic acid (DINHOP) and neohexyl phosphonic acid (NHOOP) were used as co-adsorbents in DSC devices. In our earlier study, DINHOP [10] and decylphosphonic acid [11] were used as a co-adsorbent in conjunction with Z907Na dye in DSCs, and found to exert a positive influence on the device performance and longterm stability through a substantial reduction of the charge recombination rate. Herein, NHOOP was chosen as a simple analogue for DINHOP in order to better understand the influence of the amphiphlic chain and anchoring group moieties on the photovoltaic parameters of DSCs. There are two structural differences between the DINHOP and NHOOP molecules: DINHOP has two hydrophobic neohexyl chains and the anchoring group is phosphinic acid (ÀPO 2 H), whereas in NHOOP there is only one hydrophobic neohexyl chain and the anchoring group is phosphonic acid (ÀPO 3 H 2 ).
Two representative PES survey spectra are shown in Figures 1 a and b , one of a TiO 2 sample sensitized with a mixture of dye and co-adsorbent (here: DINHOP) and one of a sample sensitized with only dye molecules, respectively. In the former, the ratio of dye to co-adsorbent was set at 4:1 in a mixture of acetonitrile and tert-butyl alcohol (1:1, v/v). The regions originating from the TiO 2 substrate (O 1s and Ti 2p), from the dye (N 1s, C 1s, Ru 3d, and S 2p) and from the co-adsorbent (C 1s and P 2p) are indicated. High-resolution spectra of the C 1s and Ru 3d core levels of the same samples are shown in Figure 2 . The two samples studied here have nearly-symmetric Ru 3d5/2 signals (at about 280.6 eV), and the energy positions and full width at half maximum values of these signals are similar. The sample containing a mixture of dye and co-adsorbent shows a lower intensity (almost 10 %), indicating a lower amount of dye. A similar effect was observed for the C1 s peak, with the main peak at about 285.0 eV. This result shows that the amount of dye at the surface decreases with the co-adsorbents (see Supporting Information), but no significant changes in energy matching between the dye (as measured by Ru 3d5/2) and the substrate (measured from Ti 2p3/2) can be observed. Figure 3 compares the high resolution N 1s and S 2p spectra of the same samples, and reveals many similarities. Both samples show two well-resolved peaks in the N 1s region (Figure 3 a) , originating from the two nitrogen atoms in the NCS groups (at 397.7 eV) and the four nitrogen atoms in the coordinating bipyridine ligands (at 399.5 eV). These spectra were energy-calibrated relative to Ti 2p in order to better compare their shape, while the intensity was www.chemsuschem.org calibrated with respect to the maximum intensity. The intensity ratios between the peaks (397.7 eV and 399.5 eV) of the sample sensitized with only dye molecules and the sample obtained from a mixture of dye and co-adsorbent are close to 0.39:1 and 0.43:1 for C101/DINHOP and C101/NHOOP, respectively. Both values are slightly lower than the ratio of 0.5:1 expected from the molecular formula of the C101 sensitizer. [7] Such variations may be expected for well-organized surface layers. This discrepancy is attributed to the difference in scattering probability of photo-emitted N 1s electrons from the different nitrogen atoms in the molecule. Such differences are due to different attenuations that reflect the position of the atoms in the different molecular layers. The slightly lower ratios of nitrogen in thiocyanate compared to nitrogen in pyridine may therefore be explained by a larger damping of the signals from nitrogen in the pyridine. Specifically, the values 0.39:1 and 0.43:1 are below 0.5:1, which indicates that on average the nitrogen atoms in thiocyanate groups are forced towards the TiO 2 surface. This is probably an effect caused by the bulky 5-hexylthiophen sticking out from the surface (see below). This shielding is slightly more pronounced for C101 with DINHOP. When comparing the N 1s dye spectra of samples with NHOOP as co-adsorbent and DINHOP as co-adsorbent, no differences in the shape of the spectra were found. Figure 3 b shows the S 2p spectral region of the same samples. The structure of the S2p spectra of C101 is built up by spin-orbit-split doublets (S 2p1/2 and S 2p3/2) having an intensity ratio of 1:2 and a peak split of 1.18 eV. From the molecular formula, two distinguishable spin-orbits split doublets are expected, originating from the NCS and the thiophene, respectively. Indeed this is observed for both samples, with one doublet from the NCS group with the S2p3/2 peak at about 162 eV and one doublet from the thiophene with the S2p3/2 peak position about 164 eV. Interestingly, the intensity ratio (obtained from curve fitting, data not shown) of about 0.66:1 instead of 1:1 clearly indicates that the ligands containing the thiophene units point out from the surface in comparison with the NCS group, concomitant with the findings obtained from the N 1s spectra discussed above. Although the spectra of the mixed samples show many similarities to those of the dye only, the spectra from the samples with co-adsorbents are somewhat less resolved. Thus, although the differences are small, the experiments indicate that the mixed surface has a slightly larger fraction of dye molecules with different surface configuration.
A detailed surface analysis of nine different samples was made using PES, with special emphasis on determining the amounts of co-adsorbent and dye. The results are shown in Tables 1 and 2 . The PES signals include the Ru 3d5/2 (originating from the ruthenium atoms in the dye, Supporting Information Figure S1 ) and P 2p peaks (originating from the phosphor atom in the phosphonic and phosphinic acid anchoring groups of NHOOP and DINHOP, respectively). Table 1 compares the amounts of dye coverage on the TiO 2 surface, quantified by measuring the Ru 3d signal versus the Ti 2p substrate signal and comparing the different values to that obtained for the sample sensitized for 24 h with dye only. In the case of dye/ DINHOP, after a long dye dipping time (24 h), the dye coverage is reduced to 0.89, while this value is largely reduced to 0.66 when NHOOP was used. The amount of dye with respect to the amount of co-adsorbent was measured using the Ru 3d5/2 (the dye quantity) and the P 2p signals (the co-adsorbent quantity). The results are shown in Table 2 . For DINHOP, the co-adsorbent concentration is around 20 %, independent of time, but when using NHOOP as co-adsorbent the concentration varies with time and reaches a maximum of 60 %.
Based on the value determined for the decrease in C101 coverage and relative amounts of co-adsorbent versus C101 it is possible to estimate how many co-adsorbents replace each dye molecule. For example, the co-adsorption of NHOOP removes 34 out of 100 dye molecules and replaces these with 0.66 (60/40) = 99 NHOOP molecules. That is, about three NHOOP molecules replace each dye molecule. For the co-adsorption of C101/DINHOP only two DINHOP molecules replace each dye molecule. This difference fits well to what one would expect from the molecular structures, with DINHOP being bulkier than NHOOP (ratio about 3 to 2) but less bulky than the C101 dye. Figure 4 a shows absorption spectra of sensitizer C101 with and without co-adsorbents adsorbed onto a nanocrystalline 6 mm thick TiO 2 film with different dipping time. In order to compare the adsorption kinetics of dye with co-adsorbents, we monitored the change in absorbance at l = 540 nm of identical 6 mm thick TiO 2 films ( Figure S2 ). The absorbance increases until it reaches a plateau after 7 h, as illustrated for the case of C101 alone ( Figure S2) . A dye-sensitized TiO 2 film co-grafted with either DINHOP or NHOOP showed a similar absorption spectrum. In the case of C101/DINHOP, the absorbance at around 540 nm decreased by 18 % compared to that of C101 alone. The competition between DINHOP and the dye C101 in binding to the TiO 2 surface is responsible for the decrease in dye adsorption. In the case of C101/NHOOP, characteristic metal-to-ligand charge transfer absorption bands in the visible region are red-shifted by 12 nm compared to C101 alone or C101/DINHOP, as illustrated in Figure 4 a. The adsorbed (Table 1 showing 33 and 22 % respectively) for samples sensitized for 30 min. For samples sensitized for longer times, the values for DINHOOP differ slightly more, which is probably due to the longer time needed to reach complete monolayer equilibrium throughout the mesoporous film. The dye adsorption onto the nanocrystalline TiO 2 surface was monitored by the absorbance as a function of time as presented in Figure S2 , showing a relatively fast rate of dye adsorption in the first 1 h of dipping time. This result is consistent with that from PES investigations (Tables 1  and 2 ). The trend observed when comparing the PES measurements obtained for 100 s, 30 min, and 24 h show that the dynamics of formation of the equilibrated state of the mixed surface layer is probably much longer than 30 min.
The influence of these co-adsorbents on the photovoltaic device parameters, that is, open-circuit voltage (V oc ), shortcircuit current (J sc ), and fill factor (FF), is remarkable. The J-V characteristics of devices A, B, D, and F (see Table 3 for a description of devices A-F) are depicted in Figure 4 b. Detailed photovoltaic parameters and photovoltaic conversion efficiency (h) values for devices A-F are shown in Table 3 .
Interestingly, the J sc , V oc , and FF values of device F (C101/ DINHOP) are 12.15 mA cm
À2
, 750 mV, and 0.75, respectively. This yields an overall power conversion efficiency (PCE) of 6.9 %, higher than that of device B, employing C101 alone (6.6 %). Changing the co-adsorbent from DINHOP to NHOOP (using the same electrolyte) in device D (Figure 4 b) resulted in a 5.9 % overall PCE, resulting principally from the lower photocurrent. The decrease of the photocurrent is ascribed to the reduced dye loading on the surface of the TiO 2 film resulting from the competition of NHOOP adsorption with that of C101 (Figure 4 a) . Although the dye loading is also reduced in the case of C101/DINHOP, device F shows a smaller decrease of the photocurrent than device D, which is likely the result of a better electron collection efficiency by the DINHOP co-adsorbent. In this study, a 6 mm thick TiO 2 transparent film was used, explaining the lower photocurrents and solar to electric power conversion efficiencies compared to the values reported earlier (PCE > 11 %), in which a reflective (scattering) layer comprising large titania particles was applied. [7] By controlling the dye loading time (30 min for C101 for device A, 90 min for C101/ NHOOP for device C and C101/DINHOP for device E), similar absorbance of the sensitized TiO 2 film was set, as presented in Figure 4 a. Thus, photocurrents of 11.6, 11.2, and 11.7 mA cm À2 , respectively, were obtained without change in the V oc (about 760 AE 5 mV; see Table 3 ). In this case, the surface coverage due to the dye adsorbed onto the TiO 2 nanoparticles is similar for all three devices, but there is some free unsensitized area for device A, being partially occupied by NHOOP for device B or by DINHOP for device C as discussed above. The incident photon to current conversion efficiency (IPCE) values for devices utilizing the sensitizer C101 with and without co-adsorbents are shown in Figure S3 . A longer dye dipping time increases the IPCE response of the devices (as comparison devices A and B).
Although sufficient information on the surface and optical properties of the dye-sensitized TiO 2 nanocrystalline films can be obtained by PES and UV/Vis spectroscopy, the electronic features of the mesoscopic oxide film, such as its electron transport and interfacial recombination features, can not be easily induced from the complex analysis of the chemical adsorption data. Impedance analysis has therefore been used to monitor photovoltaic parameter changes in various devices.
[8, [12] [13] [14] Using the transmission line model, important figures of merit, such as electron diffusion resistance (R t ) and recombination resistance (R ct ) Figure 4 . a) UV/Vis absorption spectra of a 6 mm thick film comprising TiO 2 particles of 20 nm in size, sensitized with C101 with and without co-adsorbent, and b) J-V characteristics of different devices prepared under different conditions, measured as indicated in Table 3 at 100 mW cm À2 . were derived by fitting the impedance data. The apparent recombination lifetime (t n ) was calculated [Equation (1)]. The electron transfer resistance depends on the density of electrons [n cb , Equation (2)] in the conduction band (CB) and mobility [m e , the free-electron diffusion coefficient according to the Einstein relation on diffusion of charged particles, see Equation (3)]. The resistance R t can be described by Equation (4), where R 0 [Equation (5)] is the film resistance at the applied bias [Equation (6)] when the electron Fermi level (E F,n ) matches the conduction band edge (E cb ), and E F,redox is the equilibrium potental of redox couple in the electrolyte.
In Equation (4), the first term on the right-hand side represents the influence of charge mobility related to the trapping and de-trapping of electrons from states in the band gap, the second term is the influence of the position of the lower edge of the CB, and the third term results from the applied potential on the sensitized TiO 2 electrode. Figure 5 a shows the effect of the applied voltage on the electron transport resistance R t under dark conditions for the various devices. The logarithm of the electron transport resistance shows parallel behavior for various devices. The shifts of the resistances for the steadystate electron transport in those devices is attributed to a change in the position of the conduction band edge (E cb ) and/ or the free electron mobility (m e ). [13, 15] Using photoanodes of similar absorbance by controlling the dipping time (see Table 1 ), the R t data from the fresh devices C and E (C101/ NHOOP or C101/DINHOP) are down-shifted from those of the fresh device A (C101 alone). It is interesting to note that device D (with NHOOP) has the largest electron diffusion resistance at identical bias, compared to devices B and F, when a long dipping time was used. As discussed from the PES and UV/Vis spectroscopy investigations, the exposed TiO 2 nanoparticles area in device D was almost completely covered by NHOOP. The augmented resistance reflects a slow electron diffusion process due to surface traps, induced by the strong binding of phosphonic acid to the TiO 2 surface. In general, on a metal oxide surface, the binding strength of phosphonic acid is higher than that of carboxylic acid. For devices with C101/ NHOOP, an increased loading of co-adsorbent was found when increasing the dipping time.
The interfacial electron transfer resistance (R ct ) corresponds to electrons in either the conduction band or in surface states transferring to the oxidized form of redox couple in the electrolyte (in this case: I 3 À ). [17] For the interfacial recombination reaction (I 3 À + 2 e cb À ! 3 I À ), without mass-transfer limitations, the relationship between the dark current density (reflecting charge transfer from electrons that occupy states in the conduction band or surface states in the semiconductor to unoccupied electronic states in the electrolyte) and the over-potential (h) on the sensitized electrode can be described by the Butler-Volmer equation: [18] R
By introducing Equation (4), Equation (7) can be rewritten as
Figure 5 b presents the overall recombination resistance (R ct ) to charge transfer at the TiO 2 /electrolyte interface as a function of electron diffusion resistance (R t ). As the electron transfer resistance R t decreases, the recombination resistance R ct decreases, due to a smaller offset between the electron quasi-Fermi level (E F,n ) and the conduction band (E cb ), that is, a higher electron density at TiO 2 , and larger driving forces for the interfacial recombination. While a short dipping time was used in this experiment, the R ct values of the three devices (A, C, and E) become similar. As shown in Figure 5 b, all devices have a Figure 5 . Derived equivalent circuit components obtained from impedance measurements under dark conditions at 20 8C for different devices A-F (see Table 3 ), sensitized with: &, *, C101;~, !, C101-NHOOP; and^, N: C101/ DINHOP. a) Electron transport resistance in the TiO 2 film as a function of bias, b) recombination resistance (R ct ), and c) the apparent recombination electron lifetime (t n ) as a function of R t .
larger value of R ct than of R t , indicating an effective collection of photogenerated charge carriers in the dye-sensitized heterojunction. Device D has the smallest R ct among these devices at an identical R t , implying that the recombination process is amplified by the co-adsorbent NHOOP. This result can be attributed to an augmented trapped electron density when NHOOP is co-grafted, compared to sensitizer alone or grafting C101/ DINHOP.
Based on the results found for R ct and C m , we can obtain information on the interfacial recombination lifetime in the photovoltaic devices. A slightly increased apparent electron lifetime t n was observed for devices E and F when the co-adsorbent DINHOP was used compared to that of devices in which dye was used alone (devices A and B). A largely decreased t n in the devices with co-adsorbent NHOOP (devices C and D) was observed and is illustrated in Figure 5 c, indicating that the co-adsorbent has an obvious influence on the interfacial charge recombination process due to the recombination centers introduced onto the TiO 2 nanoparticles during the adsorption procedure.
Conclusions
We characterize the surface of TiO 2 films onto which a ruthenium sensitizer dye, C101, is adsorbed with DINHOP or NHOOP as co-adsorbents. The characterization is done by using PES and EIS techniques. The co-adsorbents decrease the amount of dye molecules by about 30-40 %. Each dye molecule is replaced by about three NHOOP molecules or two DINHOP molecules, respectively. Notably, PES studies indicate that the ligands of the dye molecules containing the thiophene units point out from the TiO 2 surface, in comparison to the NCS group. EIS studies reveal that the DINHOP and NHOOP co-adsorbents have different influence on the charge carrier's interfacial recombination induced by surface modification. Co-adsorption of DINHOP (with phosphinic acid as anchoring group) with C101 substantially increased the power output of the cells, mainly due to retardation of the interfacial recombination of photogenerated charge carriers. The phosphonic acid of NHOOP has a strong binding strength to the TiO 2 surface, offering surface trap states onto the metal oxide, and thus augments the charge recombination even though the insulator property of this molecule can retard this process.
Experimental Section Materials
All solvents and reagents, unless otherwise stated, were of analytical grade and used as-received. Guanidinium thiocyanate (GNCS, NH 2 C(NH)NH 2 ·HSCN), N-butylbenzimidazole (NBB), and 3-methoxypropionitrile (MPN, CH 3 OCH 2 CH 2 CN) were purchased from Fluka. MPN was distilled before use. Co-adsorbent bis-(3, 3-dimethylbutyl)-phosphinic acid (DINHOP) and C101 dye were synthesized as described previously. [7, 10] Synthesis of 3, 3-dimethylbutyl-phosphonic acid 3,3-Dimethyl butyl-phosphonic acid diethylester was prepared according to a literature procedure: [9] to a suspension of anhydrous chromium(II) chloride (7.38 g, 60.0 mm) in dry DMF (180 mL) under argon was added dropwise a solution of ethylenediamine (7.21 g, 120.0 mm) in DMF (60 mL). Vinylphosphonic acid diethylester (15.8 g, 96.0 mm) was added in one portion, then tert-butylbromide (3.29 g, 24.0 mmol) in DMF (60 mL) was added dropwise with continuous stirring. The reaction mixture was stirred for 4 h at room temperature, then heated to 80 8C. The reaction mixture was poured into water (400 mL) and extracted with diethylether (3250 mL). The combined ether extracts were washed with water (2 200 mL), dried with magnesium sulfate, and filtered. Ether was distilled from the filtrate and the residue was distilled under reduced pressure to give (3,3-dimethylbutyl)-phosphonic acid diethylester (4.57 g, 86 %). (3, 3-Dimethylbutyl)-phosphonic acid diethylester (4.50 g) was hydrolyzed according to McKenna et al. using trimethylbromosilane (6.23 g), affording (3,3-dimethylbutyl)-phosphonic acid (3.36 g, 100 %). [19, 20] 
PES characterization
Quantitative characterization was performed with an in-house ESCA 300 spectrometer, using monochromated AlKa radiation (1486.7 eV) and calibrated for cross-section and analyzer transmission. [21] The electron take-off angle was 908. The samples were analyzed at a pressure in the range 10-10 mbar. The spectra were energy calibrated with respect to the substrate signal (Ti 2p3/2). The quantification of C101 was obtained by measuring the Ru 3d signal versus the Ti 2p substrate signal and comparing the different values to that obtained for the sample sensitized for 24 h with C101 dye only. This procedure is well defined and accounts for variations in the exact sample position with respect to the X-ray source and the analyzer as well as in the X-ray intensity. However, note that it may slightly underestimate the amount of dye for samples with a coverage far from a monolayer since the damping of the substrate signal decreases. In the present study this error was about 10 % for the samples with the lowest coverage and smaller for samples with higher coverages and for samples with coadsorbents.
Device fabrication
The fabrication of DSC devices was done similar to our previous report. [20] A 6 mm transparent layer of 20 nm-sized TiO 2 particles was screen-printed onto a fluorine-doped SnO 2 (FTO) conducting glass electrode. The preparation of transparent TiO 2 film was described previously. [10] The dye solution used was 300 mm C101 with and without co-adsorbents (unless otherwise stated with DINHOP or NHOOP as co-adsorbents, with a molar ratio of 4:1) in a mixture of acetonitrile and tert-butyl alcohol (1:1, v/v). The two electrodes (the TiO 2 photoanode and platinized counter electrode) were separated by a 25 mm thick Surlyn hot-melt gasket and sealed by heating. The low-volatile electrolyte composition was: 1.0 m 1, 3-dimethylimidazolium iodide (DMII), 0.15 m I 2 , 0.5 m NBB, and 0.1 m GNCS in MPN. For comparison, the dye dipping experiments were carried out under two different conditions, that is, a short dipping time (device A, 30 min for C101, devices C and E, 90 min for C101/ DINHOP or C101/NHOOP, respectively), and a long dipping time (18 h for all dye solutions, device B, D and F for C101, C101/ DINHOP, and C101/NHOOP, respectively). The prepared dye-stained photoanode DSC devices were kept in dark at room temperature for 1 day, and a further treatment, that is, light soaking at 60 8C for 24 h, was performed before subjecting the devices to photovoltaic measurements.
Photovoltaic characterization
A 450 W xenon light source (Oriel, USA) was used to give an irradiance of 100 mW cm À2 [the equivalent of one sun at air mass (AM) 1.5] at the surface of the solar cells. The spectral output of the lamp was matched in the region of 350-750 nm with the aid of a Schott K113 Tempax sunlight filter (Präzisions Glas & Optik GmbH, Germany) so as to reduce the mismatch between the simulated and true solar spectra (less than 2 %). The current-voltage characteristics of the cell under these conditions were obtained by applying external potential bias to the cell and measuring the generated photocurrent with a Keithley model 2400 digital source meter (Keithley, USA). A similar data acquisition system was used to control the incident photon-to-current conversion efficiency (IPCE) measurement. A white light bias (1 % sunlight intensity) was applied onto the sample during the IPCE measurements. The devices with the photoanode area of 0.2826 cm 2 were tested with a metal mask: 0.159 cm 2 .
Electrochemical impedance spectroscopy
EIS measurements were performed with a PGSTAT30 frequency analyzer from Autolab (Eco Chemie B.V, Utrecht, The Netherlands) together with a Frequency Response Analyzer module providing voltage modulation in the desired frequency range. Z-view software (v2.8b, Scribner Associates Inc.) was used to analyze the impedance data. The EIS experiments were performed at a constant temperature of 20 8C in the dark. The impedance spectra of the DSC devices were recorded at potentials varying from À0.8 V to À0.35 V at frequencies ranging from 0.05 Hz to 100 KHz, the oscillation potential amplitude being adjusted to 10 mV. The photoanode (TiO 2 ) was used as the working electrode and a platinum counter electrode (CE) was used as both the auxiliary electrode and the reference electrode. These obtained spectra were fitted (error < 5 %) with a transmission line model. [12, 13] 
